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FOREWORD -

The Subcommlttee on Radlochemlstry 1s one of a number of’
subcommlttees working under the Commlttee on Nuclear Sclence
wlthiln the Natlonal Academy of Sciences - Natlonal Research
Council. Its members represent government, industrial, and
unlverslty laboratorles In the areas: of:nuclear chemistry and
analytical chemlstry

The Subcommittee has concerned ltself wlth those areas of
nuclear sclence whilch' involve the chemist, such as the collec-
tlon and distributlion of radlochemical procedures, the estab-
lishment of specifications for radlochemlcally pure reagents,
avallabllity of cyclotron time for service irradlations, the
place of. radiochemlstry 1ln the undergraduate college program,
etec.

Thils serles of monographs has grown out of the need for
up-to-date -compllatléns -of radlochemical Information and pro- - - °
cedures. The Subcommittee has endeavored to present a serles
which wlll be of maxlimum use to the working scientlst and
which contains the latest avallable Informatlion. -Each mono-
graph collecte 1n  one volume the pertinent information requlred
for radlochemical work with an individual element or a group of
closely related elements.

An expert in the radiochemistry of the particular element
has written the monograph, followlng a standard format developed
by the Subcommittee. The Atomic Energy Commission has sponsored_
the printing of the series '

The  Subcommittee 1s confldent these publications wilill be
useful not only to the radlochemist. but also to the. research
worker in other flelds such as physlcse, blochemlstry or medicine
who wilishes to use radiochemlical technlques to solve a speciflc
problem.

"W. Wayne Melnke, Chalrman
Subcommittee on Radlochemlstry
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INTRODUCTION

This report has been prepared as one.of a series of monographs on the
radiochemistry of the elements_ for the Subcommittee on Radiochemistry of
the Committee on Nuclear'Séi'e_nce within the National Academy of Sciences. -
Information presented here has .Been"obtai-ned in a search ‘which included the
Chemical Abstracts from 1947 to April 25, 1960; Nuclear Science Abstracte
irom 1947 to April 15, 1960; Abstracts of Declassiﬂed Documents for.1-947
and 1948; Analytical Abstracts from 1954 to April 1960; and the authors'
personal experiences from 1950 to the present. Data have been included _
primarily for radiochemists workmg with the rare earths, but it is hoped
that others will also find the information us eful )

- Although the list of references is long, no pretense can poassibly be
" made that it is complete. We have attempted to cover all phases of rare-
earth chemistry that could conceivably be of interest to a ra.c.liochenrist. and
to include all of the'more significant referenc'e_s} .in each ph:aee'_. ‘During the.
course of the wr1t1ng, however, we were continually finding. impdrtant articles
which had been m1ssed in the 11terature search and doubtless there are many
which w'e_stﬂl.ha.ve not found:. ' We would be most appreciative 'if these omis-
sions could be brought to our attention eo that they ma.}.r be in_clurledj in :fut_ure
revisions of the manuscript.

. The authors wish to acknowledge most heartily the assistance of Carl
Wensrich and Carol Patri’.ck of the LRL'liBré.ry staff Without their a1d in
obtaining reprmts of the references this volume could hardly have been pre-
pared. )

.We also wish to express. ou.r sincerest appreciation to Mrs.’ Margaret
Dixon for typlng the f1na.1 manuscnpt w1th a.lacr1ty, prec1s1on, a.nd perse-

verance.

W.E. Nervik

P, C. Stevenson
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GENERAL REVIEWS OF THE INORGANIC AND ANALYTICAL CHEMISTRY
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II. GENERAL REVIEWS OF THE R.ADIOCHELAISTRY OF THE RARE
EARTHS, _SéANDIUM. YTTRIUM, AND ACTINIUM

l. N. Saito, T. Kiba, and K. Kimui‘a., "Radiochemical Studies of
Fissile and Fission Produced Elements, " A/CONF/15/P/1323
(2nd Geneva Conf), .(1958). :

2. "Collected Radiochemical Procedures," Second Edition, ed. by
J. Kleinberg, LA-1721 (1958). ’

3. K.W. Bagnall, "Chemistry of the Rare Radioelements Po, Ac,"
Academic Press, Inc., New York, 1957.

4. E.K. Hyde, "Radiochemical Separation Methods for the Actinide
Elements," Proc. Intern. Conf. Peaceful Uses Atomic Energy,
Geneva, 1955, 7, 281-303 (1956).
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Data are reproduced in Figs. 1-5 from the G.E. Chart of the Nuclides
(KAPL), 5th Ed., Revised to April 1956; For more detailed information
consult: D. Strominger, J.M. Hollander, and G.T. Seaborg, '"Table of
Isotopes, " Revs. Modern Phys. 30, No. 2, Pt. 2, 585-904 (1958).

1V. CHEMISTRY OF THE RARE EARTHS, SCANDIUM, YTTRIUM,
AND ACTINIUM '

IV.l. METALS, AMALGAMS, AND VARIOUS OXIDATION STATES

IV.1A. METALS

Although the rare earths have been known for more than one hundred
years, it is only during the last fifteen years or so that techniques have
been developed for separating pure compounds of individual members of this
group of elements. The best methods for preparing pure rare-earth metals
are lesa than ten years old, and intensive effort has gone into atudy of the

properties of these newly available materials.
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[Scandium and yttrium are, strictly speaking, not rare earths, but
their chemical behavior is very similar to that of the lanthanjde group
(lanthanum to lutetium) and they will be included in all subsequent discuseions
of the chemistry of these elements. Actinium is a homologue of lanthanum
and is included as representative of the actinide group of elements {actinium
to nobélium). .which also behave very much like the lanthanides in most
chemical operations. Thus, in all discussions of the "rare earths" or
"lanthanides" which follow, scandium, yttrium, and the tripositive mem-
bers of the actiﬁde group are meant to be included.]

The rare-earth elements are quite electropositive and, completely
aside from the separation of pure compounds, preparation of the pure metals

89

is not. an easy task. T:-orn'be4 has written an excellent comprehensive

review on all aspects of the preparation and properties of the rare-earth
metals, while Spedding and Da.a.ne449' 454 and Banks et al. 16 have published
fine reviews of the work that has been done in this field at Iowa State College.
Although it might have very little application to radiochemical procedures,
Huffine and Williams 548 have written an excellent review of the techniques
used to refine and purify rare-earth metals, and Morrice and co-worker5549
have described details of the electrolytic reduction of ceric oxide and cq'rous
fluoride to ceriurm metal in a molten fluoride solvent.

Electrodeposition of metlallic rare earths from aqueous media does
not usually give satisfactory results because the newly deposited metal 256

reacts with water to give the oxide. Lange, He rrmann, and Strassmann,
however, report a procedure for separating S:|.'90'-Y90 mixtures by electrolysis
in dilute aqueous nitric acid solution. The exact nature of the carrier-free
Yg0 deposit on the cathode was not determined but the Y90 yields were good
(90-98%) and the separation from sz79 was fair. sr?0_y90

of approximately 100-200 per deposition were obtained and the authors re-
90

separation factors

co:ntained on the order of only

1x 10'5% Srgo impurity. Hamaguchi, Ikeda, and Ka.wash.imale.z have also

90_,.90

Techniques have been developed for producing rare-earth metals by

port that with four deposition cycles the Y

described a procedure for the electrolytic separation of Sr mixtures.
electrolysis of fused salte using cathodes of carbon, molybdenumn, tungsten,
mercury, or, at higher temperatures, molten cadmium or zinc. 489 These
procedures are capable of giving good results but the best method currently
ih use for production of pure metals seems to be that developed by Daane

and the Spedding group at Iowa State. 449, 454

This method involves reduction
of the anhydrous rare-earth fluorides by metallic calcium in tantalum cru-~
cibles under an inert atmosphere. Operating temperatures are kept high

enough to melt both the rare-earth metal and the Ca.Fz slag so that when the



crucible has cooled the tantalum and slag may be peeled away and thé rare-
earth metal obtained as a solid ingot.

Metallic scandium, yttrium, and all of the rare earths except samarium,
europium, and ytterbium have been prepared by this technique. Promethium
and the actinides, of course, are not included since they are not ﬁormally
available in macroscopic amounts; although Stone465 has described a method
for preparing Ac metal by reducing Ac:F3 in vacuo with lithium metal at 1000°C.
When atternpts were made to reduce the Sm, Eu, and Yb halides with calcium
no metal was produced but the divalent saltse were found in the slag.. These
elements behaved the same whether alone or mixed with other rare earths
and, indeed, reduction by calcium has been used by the Spedding group to
separate Gd-Sm and Lu-Yb mixtures, the Sm and Yb in each case being found
in the slag. In the Lu-Yb case, for instance, a sample which contained 30%
Yb initially was reduced to lutetium metal containing less than 0.25% ytterbium
impurity in one step. 449 ) '

The Iowa State group has succeeded in obtaining pure metallic Sm, Eu,
and Yb by a process which involves reduction of the pure oxide by lanthanum

449, 454 Lanthanum is the least volatile of the

metal in a tantalum crucible.
rare-earth metals and lanthanumn oxide has the highest heat of formation of

the rare-earth oxides. At the proper temperature, therefore, the reaction
La + Sm203« La203 +S8m

can be made to go to Eompletion by distilling off the samarium metal as it is
formed. The distilled metal is condensed on a cool part of the tantalum re-
action vessel and may often be 6bta.ined better than 99.9% pure.

_ Thie technique of reducing the rare-earth oxide with lanthanum and
distilling off the newly formed metal has also been used by Spedding and
Daane‘M:9 on a mixture of rare earths. The vapor pressures of the rare-
earth metals are sufficiently different so that by fractional distillation a
significant separation of the metals may be obtained. The authors report
a possiblé order of volatility of some of the rare earths as: Eu > Yb >Sm >
Lu > Tm > Ho, Dy > Er > Gd. Trombe‘}88 has also described the distillation
separation of a mixture of rare-earth metals, with the order of volatility:
Sm > Nd > Pr, Ce > La. ’

Since the pure rare-earth metals have been available for such a short
"time, an accurate determination of all of their physical properties ha_s. not
as yet been completed to everyone's satisfaction. A tabulation by Spedding
and Daane, 5‘_1 however, is shown in Table I and indicates the surprisingly
wide variation of some of the physical properties of this group of very simi-

lar elements. A more recent compilation of the physical properties of
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Table 1. Properties of rare earth metals (454)

clting Boiling Transformation Lattice .
Element Nllaoint AHmang? | point | AF anres | G2 0°C | gtructure | constants. Dmg
) O (kcalfmole) O (kcal/mole) _r("C) ) (a.l/;nole deg)) A) &/
i
La 920+ 5 24 4515 81 260 665 bep ‘a = 3-770 6162
868 e = 12-159
Ce 804 + 5 22 3600 9 (100-200°K) 689 fee a = 51612 6-768
754
Pr 935+ 5 24 3450 ™ 798 645 bep a = 3-6725 6769
¢ = 11-8354
Nd 1024 + 5 2:6 3300 -2 868 720 bep a= Zli-lﬁs_,gz 7007
c = 11-
Sm 1052 + 5 26 1900* 46* 917 649t Rhombo- (¢ = 8996 | 7540
hedral o = 23°13°
Eu 900* 23 1700* 40* 600t bee a = 4-606 5-166
Gd 1350 &+ 20* 37 3000* 72¢ 11-20 hep a = 3:6360 7-868
c = 57826
T 1400-1500* 39 2800* 70* 6541 hep a= ;g;(s) 8-253
. € -5
Dy [|14751500% 41 2600 67 672 hp |a= ;-“sgoa 8-565
. ¢ = 5-6475
Ho 14751525 41 2700* 68* 645 bp |a= ;-g;: 8799
i ¢ = 5615
Er  [1475-1525%| 41 2600% 67% 665 hop |a=135588 | 9038
. ¢ = 55874
Tm |1500-1550* 4-4 2400* 51 645t hep q = gS;Zi 9-318
¢ =55
Yb 824+ 5 22 18001 32+ 798 6001 fec a = 54862 6959
La 1650-1750* 4-6 3500* 75* 6451 hcp a = 3-5031 9-849
c = 55509
Sc 1550-1600* 38 2750* 73 601t hcp a= 3-3@2 2:995
’ ¢ = 5273
Y 1475-1525+ 4-1 3500* 94 6011 hep a = 3-6474 4472
¢ = 5-7306

L .
Estimates from work in Ames Laboratory.

t Estimates made by D.R. Stull and G.C. Sienke, "The Thermodynamic
Properties of the Elements in Their Standard States,” The Dow Chemical
Company, Midland, Michigan.

. rare-earth metals, alloys, and compounds has been completed by Gibson,

Miller, Kennedy, and Rengstorff, 172 and Sa.vitskii‘m9

has also completed a
recent review of the properties, application, and production of rare-earth
metals.

The rare-earth metals, being quite electropositive, have high heat.s
of oxidation and react readily with most oxidizing agents. .Reaction rates,
however, may vary coneiderably amongst the individual rare earths under
certain conditions. Spedding and Daane, 449 for instance, state that a bar
of lanthanum metal left exposed to moist air will crumble to powder in a
few weeks time, but samarium and neodymium will remain bright for months

489

" under the same conditions. Trombe reports that europium metal reacts
rapidly with water but samarium does not, and cerium and lanthanum react
only slowly even in hot water. No specific data are available in the literature
but it seems reasonable to agsume that in acid solution with "normal" dis -
solution techniques these differences in reaction rates would be completely

negligible.



IV.1B. AMAILGAMS AND VARIOUS OXIDATION STATES

The.rare earths exiet in aqueous solutioi:, under normal conditions,
only as the trivalent ions. Their like charge and similar ionic radius, of
course, account for their very similar chemical behavior. Certain of the
rare earths, howevei’. can exist in other than the +3 oxidation state, and

this fact is often of value in effecting their separation from other members

of the group.

Cerium is the only rare earth which has a useful +4 oxidation state.

4 and T]:u+4 have been prepared as their oxides but there is no evidence

(Pr
s : : +3 +4
to indicate that they are stable in aqueous solution.) The Ce ~-Ce couple

has a potential of -1.61 volts in acid solution, 251 and cerous cerium is

easily oxidized by strong oxidizing agents such as SZOB=’ Co+3, or, in strong
acid, Br03 . Brezhneva and co-workers ~ used ozone as an oxidant for
cerium on nitric acid solution. The oxidation is acid dependent. Their

data are presented in Figs. 7 and 8. Ozone is particularly convenient for

remote-control operations and for operatione in which it is not desired to
add nonvolatile matter to the solution. Ce+4 behaves very much like Zr+4
and Th+4 and may, for instance, be separated from all the other rare earths

by precipitation as the iodate. Ce+4 is not completely stable, however, but
238 Duke and Anderegglo8 have shown that the

129

reaction is surface catalyzed and Evans and Uri have shown that it is

photosensitive, so reasonable precautions must be taken if Ce'l'4 solutions

oxidizes water very slowly.

are to be kept for any length of time.
Europium, ytterbium, and samarium form +2 ions which have proven

to be very useful in separating these elements from the rest of the rare-
+3

earth group. Europium has the lowest oxidation potential (Eu+2 = Eu
E° =0.43; Yb'2 = Yb'2, E° = 0.578; sm'? =sm™>, E° > 0.9)257 of these
three elements and is the easiest to reduce. Europous europium may be
obtained by passing a solution containing Eu+3 over zinc in a Jones reduc-
148, 298 . +3 . . - 233
tor, by slurrying an Eu ~ solution with zinc dust, or by reduc-
tion with chromous chloride at low pH's. Eu+2 behaves very much like
B_a+2 (i.e., it precipitates as EuSO4 but the hydroxide does not precipitate
in NH4OH) and may be separated from the rest of the rare-earth group by
simple chemical procedures. Eu+2 is not very stable towards oxidation,
- however, and care must be taken to keep its solution free from OZ and
other oxidizing agents. '
+2 +2 +2 ., .

Yb ~ and Stm © are much less stable than Eu = in aqueous solution.
They evolve hydrogen in water and are oxidized at the slightest provocation
so their preparation by simple reduction methods is no easy task. Clifford

and Beachell, ! however, have succeeded in separating samarium from a



05" 2 6 8 10 12 14

Fig. 7. Percent oxidation of cerium by ozone as a function of nitric
acid concentration {one molar per liter) (45)

E. voh*

+ 1.600

+ 1.5007

+ 1.400

2 4 6 8 10 12 14 16
Acidity, moles

Fig. 8. Oxidation-reduction potential of Ce+4/Ce+3'couple as a func-
tion of nitric acid concentration (one molar per liter). The sign of the
potential is according to the European {Russian) convention (45)

lanthanide mixture by reducing with Mg in solvents of ethanol-HCl or 50-50
dioxane-ethanol saturated with strontium and barium chlorides. Ambrozhii
and Luchnikova8 have also reported reduction of Sm+3 by Mg in an ethanol-
HCI1 solvent. The SmClZ is deposited on the magnesium surfaces and is not
very stable, but it persists long enough so that the supernatant solution may
be decanted and the magnesium washed, which, after all, is all that is needed

to effect a separation from the original rare-earth contaminants.
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A more effective method for reducing Eu, Sm, and Yb involves the use

299, 300 using a basic citrate-

of electrolysis in aqueous solution. McCoy,
a.cetate solution, a mercury cathode, and a platinum anode, has succeeded

in obtaining amalgams of each of these metals. The yield per pass was
approximately 90% for Eu, 20% for Yb, and 10% for Sm but by multiple
passes essentially all of each of these elements could be recovered from

the original solution. Riabtchikov, Skliarenko, and Stroganova, 398 however,
have made an excellent systematic study of all the factors affecting ytterbium
reduction in the same type of system used by McCoy, and have succeeded in
getting Yb yields of approximately 98% per pass. - _

When the electrolyte contains the proper anion it is possible to obtain
the insoluble divalent rare~earth salt directly by electrolysis. Thus
Yntema542 and Ball and _Yn’t:ernal 3 got europous and ytterbous sulfate in-
stead of the amalgam when the electrolyte contained some sulfuric acid,
and Chang7Z has precipitated europous oxine-sulfonate by electrolysis of
an ammoniacal solution of 8-hydroxyquinoline-5 sulfonic acid.

A variation of the electrolytic reduction method has been pubhshed by
Onmnstott, 344, 345, 347 who purified europium, samarium, and the other rare
earths by electrolysis with a lithium amalgam cathode. This technique
seems to be more efficient than that used by McCoy, and good yields of
high-purity Eu and Sm can be obtained without undue effort. '

Marsh, in an excellent series of papers, 280-283, 288

has developed
procedures for isolating Eu, Sm, and Yb by using sodium amalgam without
electrolysis. Reduction is carried out in acetic acid solution and proceeds
quite vigorously. Lanthanum and the lighter rare earths are also reduced
by sodium amalgam biut their yields are low and they do not usually present
a problem. Moeller and Kremers312 have studied the effect of various anions
on the reduction of ytterbium by sodium .amalgam and conclude that in dilute
solution the efficiency of the reduction is inversély proportional to the co-
ordinating tendency of the anion, with perchlorate and chloride giving the
best results. In concentrated solutions, however, acetate is.to be preferred
because of the formation of troublesome sludges with perchlorate or chloride.

Holleck and Noddack20 have used strontium amalgam to reduce rare
earths to the +2 state in sulfate solution. Eu, Yb, and Sm seem to be re-
duced with the greatest efficiency, although some reduction of Sc, Gd, Ce,
Pr, and Nd is reported; but it is not clear that this technique has any ad-
vantages over the sodium amalgam reduction method.

A far out procedure for separating diva.l.ent species of the rare-earth
elements has been pubiiahed by Achard.. 2 3 The method involves high-

temperature vacuumn distillation of the Yb+ Z, Eu+2, and'Sm+2 oxides from

U



a mixture of +3 rare earth oxides and carbon. He succeeded in separating
all of the Yb as pure YbO from a mixture of ¥, Tb, Dy, Ho, Er, and Yb
oxides by mixing the oxides with 25% of their weight of carbon and heating
for three hours at 1400°C in a vacuum of 10_3 mm Hg. In another experi-
ment, complete separation of a binary mixture of Lu and Yb oxides was
achieved by three distillations. Sm and Eu are also removed from mixed
rare earthe by this method and may be separated from each other by ac-

curate control of the temperature.

IV.2. SOLUBLE SALTS

There is a surfeit of information available in the literature on the
solubilities of certain rare-earth salts. For many years fractional crys~
tallization was the best method known for separating these elements and
many authors published articles in this field. Fractional crystallization is
of no significant value in modern radiochemical techniques, however, so no
attempt will be made to review the subject here.

Rare-earth salts are quite soluble in most acids, including hydro-
chloric, nitric, perchloric, sulfuric, acetic, etc., but accurate values for
the solubilities are not readily available. Such values as are available in
the "Handbook of Chemistry and Physica, n199 Lange's "Handbook of

Chemistry, " 255

and Seidell's "Solubilities of Inorganic and Metal Organic
Compou.nda"‘]'30 are reproduced in Table 2 and indicate the range of solu-
bilities of several common salts of these elements.

Very little is known about the solubility of simple rare-earth salts in

463 however, have recéntly pub-

organic solvents. Stewart and Wendlandt,
lished an article on the solubility of lanthanum nitrate-6 hydrate in a large
number of ofganic solvents, which, for lack of better information, . may be

taken as indicative of the general behavior of all the rare earths.

IV. 3. INSOLUBLE SALTS

IV. 3A. INSOLUBLE SALTS AND GRAVIMETRIC COMPOUNDS
IV. 3A-1. Introduction

There is always a problem, when discussing the soluble, insoluble,
and complex salts of the ra_re-earth elements, in deciding just where to
draw the lines of demarcation. ''Soluble salts," obviously, will precipitate
if the concentrations are high enough; ""insoluble salts'' are not insoluble in
all solutions; and complex salts may dissolve, precipitate, and then dissolve
again as the pH is raised. Thus, the lines of demarcation must be chosen

rather arbitrarily. In the last section, ''soluble salts" were meant to in-
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clude those rare-earth compounds which do not precipitate in most radio-
chemical operations. In this section, those insoluble rare-earth salts which
are used as gravimetric compounds or as quantitative precipitants in radio-
chemical separations procedures will be discussed. And Section IV-4 will

cover the large family of rare-earth complex and chelate compounds.

IV.3A-2. Hydroxide

While it is undoubtedly convenient to discuss the chemical behavior
of the "rare earths" ae a group (ihcluding scandium, yttrium, the lanthanides,
and the actinides in one great melange), it is often not very realistic. Indi-
vidual elements of the group will behave differently from zll the other mem-
bers of the group in all chemical reactiona. The differences of behavior
are usually very small, but they can be quite large, and every chemist
working with these elements should develop a fine sense of when these large
and small differences can be used to his advantage.

A simple illustration of this point may be served by the rare-earth
hydroxides. Precipitation of the rare-earth hydroxides is 2 standard opera-
tion which is used in almost all rare-earth radiochemical separation pro-
cédures. The precipitation is quantitative, easy to perform, and all the
rare-earth elements behave as a group most of the time. Under certain
conditions, however, quite different results may be obtained. Moeller and
Kremers, 313 in an excellent review of the basicity of the rare earths,
conclude that the order of decreasing basicity is: Ac, La, Ce+3, Pr, N4,
Sm, Eu, Gd, Tb, Dy..Y. Ho, Er, Tm, Yb, Lu, Sc, Ce+4.

The data of Table 3, taken mostly from the Moeller and Kremers
article, substantiate this conclusion and indicate several very interesting
features. Lanthanum is the most basic element for which data aré presented
in Table 3; La(OH)3 has the highest solubility in water, the highest pH of .
precipitation incidence, and the highest solubility product of any of the rare
earths. Ce(OH)4 and Sc(OH) 3» on the other hand, are at the opposite ex-
tremes in each of these categories. The differences between adjacent ele-
ments are not large, but the differences over the entire group are significant.
These differences, of course, form the basis for all of the rare-earth frac-
tional precipitation procedures. Separations are certainly not quantitative,
but they are large enough to have warranted a considerable amount of work
up to the time when more efficient techniques were developed.

Thus, the behavior of the rare-earth hydroxides may be considered
as typical of the ingoluble rare-earth salts; they are all quite insoluble and
they can all be precipitated together if that is desiréd. or, by varying the
conditions of precipitation, significant separations within the group may be

carried out.
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Table 2.

Solubility of rare-earth salts

Solubility (g/100 ml HZO' at °C ternp shown in superscript)

Chloride Nitrate Sulfate Acetate
Scandium ve 8 39, 952.’
Yttrium 217%2°, 2333%° 13422°, 2118¢° 9.7620", 4.6100° g 0325°
Leanthanum ve 15125 3.92°, 0.¢l00° 20. 4187, 16.923°
Cerium +2 100 63.725°, 73.930° 507 7 ¢40° 26.513°, 16. 278"
s
Praieody‘mium 334—11., «100° GDE.. 75&' 202". 3.5—82’ 27'4&.
Neodymium 24613°, 512100° 53257 g20°, . 100" 26.2
Samarium 0 2.729°, 5. 0%° 1522°
Europium 2.62.. 2. lﬂ.
Gadolinium 8 ve 3. ﬁu. 2. SEG 11. 62—5-.
Terbium a s 3.5620°, 2.5148°
Dysprosium 8 8 5. 12.. 3. 352. 8
Holmium 8.182%7, 4.542%°
Erbium a a 162.. 6.53ﬂ.
Thuliumn ve
Ytterbium va 34,8207, 22.9%0° ve
Lutetium 663'2-, Zziq_'
Table 3. The rare-earth hydroxidea
Hydroxide solu- Water solubility pH at
bility product {gram molecules precipitation incidence

Element (at 25°C) per 106 liters) N03' Cl-  Acetate’ SQA- Reference

Sc 1 x10728 6.1 "313

Y 5.2 x 10722 1.2-1.9 7.39  6.78  6.83 6.83 313

La 1 x107Y9 7.8-9.2 8.35 8.03  7.93 7.61 313

cetd  o0.8-1.5x 10720 4.1-4.8 8.1. 7.41 7.11 7.07 313

cet?t 2 x107%8 _ (2. 65) 241, 495

Pr 2.7x 10720 5.4 7.35  7.05  7.66 6.98 313

Nd 1.9 x 107%! 2.7 7.00 7.02  7.59 6.73 313

Sm 6.8 x 10722 2.0 6.92  6.83  7.40 6.70 313

Eu 3.4x10"22 1.4 6.82 7.18 6.68 313

Gd 2.1 x 10722 ‘1.4 6.83 7.10 6.75 313

Th

Dy {(4.91) 495

Ho

Er 1.3x10°%3 0.8 6.76 6.59 6.50 313

Tm 3.3x107%% 0.6 6.40 6.53 6.21 313

Yb 2.9 x 107%% 0.5 6. 30 6.50 6.16 313

Lu T2.5x 107%4 0.5 6. 30 6. 46 6.18 313

Ac
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The most frequent use of the rare-earth hydroxides in radiochemical
procedures involves the separation of the rare earths as a group from con-
taminating elements; but the hydroxide rﬁay be used also as the final pre-
cipitate and ignited to the oxide for gravimetric determinations. The data
of Table 1 indicate that it should be possible to separate Ce+4 or Sc+3 from
other members of the rare-earth group by precipitation as the hydroxide,
but this method has not been reported in any radiochemical separation pro-
cedures. Scandium hy'droxide is likely to present difficulties, since Vi(:kery506
has shown quite conclusively that scandium is somewhat amphoteric, form-
ing a scandate ion in strong alk“ali. and also that scandiun_m is capable of
forming a soluble hexammino scandium cation in excess ammonia.

An interesting radiochemical separation involving rare-earth hydroxides
has been reported by Duval and Ku1-ba,1:ov113 who recovered carrier-free
scandium activity from a calcium target by adsorbing the scandium hydroxide
on filter paper at a pH of approximately 8.5. Schweitzer and Jackson, 426
and Schweitzer, Stein, and .‘Iackson‘lz'7 used essentially the same technique
140_1a1%0 ang 5:79.v %0

radiocolloids on glaes frit filters. The authors report that the method is

to separate Ba mixtures by adsorption of the basic
fairly rapid, that the separation is good, and that the yields can be made to
approach .100% by proper control of the experimental conditions.

Meloche and Vratney30‘8 have recently published a study of the solu-
bility products of several rare-earth hydroxides as a function of temperature

in the 10°-40°C temperature range.
1V. 3A-3. Fluoride

The rare-earth fluorides are also used extensively for group separa-
tions of the rare earths from other elements in radiochemical pﬁrification
procedures. They are quite insoluble and precipitate easily even in strong
acid solution. It is unfortunate that so very little quantitative data are avail-

able on the solubility of these salts. Kuryzso has studied the reaction

RE F, & Re'3 4 3"

- and reports the solubi.lity product values:

K
[}
Lat3 1.4x 10°18
c'e+3 1.4 x 10718
Ggat3 6.7x 10717

Weaver and Purdy512 have also studied the cerous fluoride system and ob-

tained a _Ks value of (8.1 £ 1,]) X 10-]'6 radiometrically and (1.1 % 0.5) X
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solubility as a function of pH is reproduced in Fig. 9 and may be indicative

by conductometric methods. The Weaver and Pui-dy curve for CeF3

6f the behavior of the other rare earths.

The behavior of scandium differs very considerably from that of the
other rare earths in fluoride solution. In 1M acid soluj:ion, ScF3 may be
precipitated essentially quantitatively. At lower acid concentrations, with
ammonium ion present, the Sc]’."‘é_3 complex forms, 140 and in a buffered NH4+
solution at pH5 the rare-earth fluorides may be precipitated quantitatively
while essentially all of the scandium remains in solution.

Some evidence exists to indicate that the actinide fluoridee are some-
what more soluble than the rare-earth fluorides. Preasly3_53' 379 has de-
veloped a procedure for separating Am-Pm mixtures by precipitating Pml-"?‘
in solutions of fluosilicic acide Am remains in solution. The separation is
not clean-cut, however, and multiple precipitationa are required to gef large
separation factors.

Perros and Naeser363 have reported the existence of a soluble K-Pr-F
salt, produced when PrFj or P’6°11 is added to a melt of potassium hydrogen
fluoride, but no information is available on the stability of this praseodymium

fluoride complex in aqueous solution.
IV.3A -4, Oxalate

The oxalate anion 'is probably used more than any other for precipitation
of the rare-earth elements. In dilute acid solution it is reasonably specific
for this group of elements; the precipitate settles rapidly, has a granular
crystalline structure that permits thorough washing, and the oxalate may
eadily be ignited to the oxide for accurate gravimetric determinations.

A considerable amount of information has appeared in the literature
about the behavior of the rare-earth elements in various aqueous oxalate
media. It is not practical to give all the data here, but an atterhpt will be
made to cover the more significant defails. The solubility of all of the rare-
earth oxalates in water is quite low. A8 can be seen from the curve of Fig. 10,
: 495 the hy-

drated oxalate solubilities range from about 0. 4 mg/liter for Ce+3 to about

which has been reproduced from Vickery's book on the lanthanons,
-4 mg/liter for Lu. In these same units, data of Feibush, Rowley, and C.'u:h-don“‘1
indicate that the solubility of yttrium oxalate is approximately 0.9 mg/liter,

while Fischer and Bock]'40
156 mg/liter at 25°C. No specific data are available on the solubility of ac~

state that the solubility of scandiurn oxalate is about

tinium oxalate in water, but-Salutsky and Kirby-4'04= report that in 0. IN HNO3-
0.5N oxalic acid the actinium oxalate solubility is 24 mg/liter. Fried, Hagemann,
and ‘Zlc:haz‘iasenls4 have also prepared actinium oxalate by precipitation from

dilute acid solution but give no precise solubility data.
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The rare-earth oxalates are uﬁually precipitated in dilu.te oxalate solu-
tion at a pH of 2to 3. In more acid solutions (Fig. 11) the solubilities in-
crease considerably and the very finely divided precipitates are slow to form.

In Fig. 10, it is evident that oxalates of the heavy rare earths are more
soluble in water than are those of the light rare earths. In alkali oxalate so-
.lutione this difference in solubility is increased, with the lighter earths being

pPractically insoluble and the heavy earths somewhat soluble. Vickery, 495

for
example, states that the relative solubilities of the oxalates in ammonium
oxalate are: Th 2663, Yb 104, Y 10.99, Ce 1.8, Nd 1.44, Pr 1.13, and La 1.0.
Scandium is a special case — Vickery507 presents very convincing evidence that
scandium forms not only an anionic oxalate complex in excess oxalate, but also’
a cationic hexammino scandium ion in the presence of excess ammonium ion,
which seriously increases the solubility of the compound. Although these rela-
tively high solubilities have been utilized for the fractional precipitation separa-
tion of the heavy rare earths, their main interest for radiochemists lies in the
losses and low yields that might occur if the chemisat does not realize that they
exist. The rare earths are often separated from one another on ion-exchange
resin columns and recovered by precipitation of the oxalate from fairly strong
(up to 1M) ammonium citrate or ammonium lactate solution. For the lighter
rare earths, this presents no difficulty, but for the Ho-Lu group the rare-
earth oxalate's solubility may easily lead to undesirable losses. Under these
conditions, the authors have found that the heavy rare earths may be re-
covered more efficiently by precipitation as the 8-hydroxyquinolates.
Crouthamel and Martin have studied the solubility of ytterbium oxalate
and complex ion formation in oxalate solution596 and found that their results
could be explained by the existence of Yb(C204)+ and Yb(CZO4)Z- complex
ions. E:ﬂ:periments97 with Nd disclosed the existence of similar complexes
although the total neodymium concentration in solution was approximately
fifty times less than the Yb. With C_e+3, 97 however, it was necessary to
postulate the existence of a Ce(C204)3-3 complex in addition to the Ce(CZO4)+
and Ce(C204) complexes in order to explain the data. Feibush, Rowley,
and Gordonl31 havé uged the same techniques to study the yttriurm oxalate
system and they, too, require that the Y(C204)3-3 complex be formed in
order to explain their results. No explanation is given for this difference in
behavior between Yb-Nd and Y-Ce+3, but there seems no question that the
complexes exist. An interesting consequence of these experiments is that
they show that the total concentration in solution of those rare earths whiéh
form the trioxalate complex is increasing with the 3/2 power of the oxalate
concentration while those which form only the dioxalate increase with the '

1/2 power (Figs. 12, 13). If this behavior extends into more concentrated
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Fig. 12, Total Yb, Ce+3, and Nd concentratious in buffered oxalate
solutions, Yb and Ce curves are labeled, solid curve and experimental
points are for Nd (96)

oxalate solutions some very interesting reversals of the order of solubility

may be expected among the rare-earth group of elements.
Ce+4 oxalate is considerably more soluble than the trivalent rare-earth

399 report that the bright orange ceric -

oxalates. Ryabchikov and Vagina
oxalate complex is reasonably stable in aqueous solution at room temperature
burt decomposes on heating, with the formation of a cerous oxalate precipitate.
In addition, they have used the high ceric oxalate solubility to separate cerium

from a mixture of rare earths with 97-98% yields of 99.9% pure CeO,.

IV. 3A-5. B8-Hydroxygquinolate

In ammoniacal solution, 8-hydroxyquinoline may be used as a quanti-
tative precipitant for the rare-earth elements. Very little quantitative
solubility data are available but Esewaranarayana and Raghava Ra.o128 have

used the reagent for the determination of Ce+3 and La+3. and Pokras and

367, 368 have used it for Sc+3.

Bernays
The precipitation ie fairly sharply depend.ent on pH, as shown by the
Eswaranayana and Raghava Rao data in Fig. 14, and most precipitations are
carried out in slightly ammoniacal solution. Pokras and Bernays indicate
that there .is no precipitation of scandium at pH 3.90 and es-sentia.lly complete
precipitation at pH 5. 72, but they give no data for intermediate pH's.
8-hydroxyquinoline is certainly not a selective precipitant for the rare-

earth elements. 214 The precipitate is flocculent and often hard to wash, and
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therefore its use as a gravimetric compound is open to somé question. .It is
of value in spite of these drawbacks, since it is a more sensitive reagent for
the rare earths than other precipitants (see Section Iv. 3A-13) and may be
used to recover very small amounts of material from solution. The authors,
for example, have used 8-hydroxyquinoline to precipitate < 0. T mg/ml of

Lu and Yb from IM ammonium lactate solutions with essentially complete ré-
covery of the rare earths. Under the same conditions, oxalate and hydroxide

gave no precipitate whatever.

IV.3A-6. Ammonium Tartrate

Ammonium tartrate is often used as a precipitant to separate scandium
from a large number of other elements. Fischer and Bock140 state that in
an ammoniacal solution containing an excess of ammoniwm tartrate the solu-
bility of scandium ammonium tartrate is approximately 3 to 4 mg Sc203/1iter
soln. Fischer, Steinhauser and Hf::hman.n1 39 have extended the Fischer and
Bock study and show that tartrate may be used to separate scandium from
very large excesses of Y, Fe, Mn, Ti, Mg, Ca, Al, Cu, Cd, Zn, Pb, Ga,
Ge, Sn, Nb, Cr, V, Mo, and Ni. They used solutions which were either 10%
or 20% in ammonium tartrate and O. 2N to 1.5N in NH40H. No specific solu-
bility data are available on the ammonium tartrates of other rare earths, but
according to Meyer310 the ceric earths are quite soluble and the yttrium
earths difficulty soluble. The data of reference 139 indicate that yttrium
ammonium tartrate is at least as soluble as 0.5 mg YZO 3/ml 10 to 20%
ammonium tartrate soln. It is reasonable to expect the heaviest rare-earth
tartrates to be less soluble than yttrium, so that they might well coprecipitate

with scandium if they are present in any significant amount.

IV.3A-7. Complex Cyanides

495

The rare earths are reported to form quite insoluble complex cyanides.
Most of the work has been carried out with the ferrocyanide, ferricyanide,

and cobalﬁcyanide salts. 495, 547

The insoluble rare-earth salts are quite
complex in that their compositions and solubilities are functions of the cation
as well as the anion of the precipitant. Thus Tananaev and Seifer474 report
that in the Ce(NO 3) 3-Na4(Fe(CN)6) system, Ce(Fe(CN)6)3 precipitates initially;
but with an excess of reagent Na4Ce8(]§‘e(CN)6)7 precipitates (solubility 2.1 X
10™% mole/liter). In the Y(NO ) ;-K (Fe(CN) ) system, K,Yg(Fe(CN))-30H,0
precipitates (solubility 6. 2 x 10-6 mole/liter); but in the Y(N03)3-Rb4(Fe(CN)
system, RbY(Fe(CN)6)-Z_HZO is the precipitate (solubility 1.8 X 10-4 mole/
liter); and in the Y(N03)3-Li4(Fe(CN)6) and Y(NO 3) 3-Na4(Fe(CN)6) systems

the authors report that there is no ferrocyanide precipitate at all.

6
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While the complex rare-earth cyanides appear to be quite insoluble,
their use has been restricted mainly to fractional precipitation separations,

495

especially of the yttrium earths, and the authors know of no cases where

they have been used in radiochemical separations of any kind.

IV.3A-8. Phosphate and Related Anions

The rare-earth phosphates are quite soluble in acid solution. As the
PH is increased, however, sélubility decreases, and in solutions above pH -
4 to 5 precipitation is essentially complete. A fairly large number of ele-
ments also precipitate under these conditions 274 and there are indications
of fairly large differences of solubility of individual members of the rare-

279

earth group. No precise data are available on the rare-earth phosphate
solubility ve solution pH, and the use of phosphate either as a quantitative
gravimetric precipitant or as a desirable precipitant to separat.e the rare
~earths from other elements is open to some qﬁestion. _
Scandium forms useful insoluble salts with several phosphate relatives.
BeckZZ hae reported that scandium pyrophosphate is very spariﬁgly soluble,
even in mineral acide. In mineral acids, too, the scandium salts of aneurin

pyrophosphate {cocarboxylase) and phytic acid (C6H6(0PO(OH) 6) are quite

)

insoluble, and the scandium salt of adenosin triphosphate is inezloluble in 30%
acetic acid. Zr also precipitates under each of these conditions, but Mg, Ca,
Ba, Al, Y, Th, Cu, Hg, Tl, Cr, Mn, and Fe do not.

Vickery508 has published an excellent review of the precipitation and
extraction reactions of scandium which gives more precise data than are
available anywhere else in the literature. Table 4 is reproduced from his
article and indicates the fraction of scandium that may be precipitated under
optimum conditions with a large number of reagents. For specific data as to
the optimum conditions in each case, the original article should be consulted.

]ESomberger40 has reported that hypophosphorous acid may be used as
a gravimetric reagent for scandium. The precipitation is essentially quanti-
tative (~99. 9%) when the initial precipitate is digested over steam for one
hour. Optimum conditions are in the area of 1IN HC1-0.5N H3POZ. but con-
siderable latitude is possible with small loss in efficiency. Any substance
that oxidizes hypophosphorous acid under hot, acid conditions, or any one of

a fairly long list of elements (Zr, Hf, Th, Ta, Ca, Ag, Au, Hg, Bi, Sb, As,
Sn, Se, Te, Pd, Al, Ga, In, Y, V, Cr, Mo, U, F, Fe, Co, and Pt), inter-

feres with the scandium hypophosphite precipitation, so the reagent is best

used as a final precipitant in a solution which contains only scandium.
IV. 3A-9. Iodate

Ce+4 forms an insoluble ceric ioda.t:e48 which permits easy and rapid
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Table 4, Preclpitation of scandium by various precipitants.

data are % Sc precipitated under optimum conditions (508)

Mg. of Sc,0, per ml.

Tabulated

Precipitant 1 5 10 50 76 100
NaOH .......evvvvvveeen 80 20 — 98 08 —_
80 —_ 100 —_ —_— —_
60 69 — 82 — 85
Nil Nil 10 — — 16
50 — 72 — 85 —
Nil - Nil Nil 10 — 12
Nil 125 27 — 37 52
Nil —_— — 256 —_— 61
Nil — 20 — — 43
Nil Nil Nil — 18 —
90-6 —_ 96 94 —_ 26
35 42 — 55 — 72
86 —_ —_ 20 92 22
Nil Nil Nil —_ —_ —
Nil —_ —_ —_ — Nil
20 90 95 —_ 97
29 —_— 100 100 —_ 100
53 —_ 76 —_ 82 84
95 —_ 97 — 99 —_
068 —_ — 98 —_ 99
93 93 —_ 88 —_ 99
99 100 — 100 — * 100
Nil —_ —_ —_— Nil —
66 —_ 73 — 81 —
Nil Nil —_ Nil —_ Nil »
Nil Nil 32 — —_ a3
[:[] 70 —_ 74 — 72
Nil — Nil — Nil —
Nil — 50 — 63 —
Nil —_ —_ Nil —_ —
81 ' 02 —_ 96 09 _—
—_— 30 —_— 39 — 42
Nil Nil — —_— —_ Nil
93-5 — —_ 29 —_ 29
85 : — 86 — 20 —_
86 93 —_— 99-3 - —_
89 91 99 —_ —_ 100

* In the presence of mixed lanthanons.

Precipitation of Sc(OH) $n presence of NH,Cl (concn., 50 mg. of

Oy per

15
85
87
%

25 50
79 63
75 60
62 - 45

Inkibition of Sc(OH); precipitation (50 mg. of ScyOj per ml.).

Hydroxy-acid concn. (%) ...icovrvrirniiimirannes
Pptn. (%) by NaOH Eatrate) .....................
tartrate) .................,
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5
52
49

15 30
27 15
22 19



separation of cerium from the other rare earths. The precipitation is usually
_ carried out in apprdximateiy 4M HNO3 solutions. Zr+4 and Th','4 iodates
precipitate under the same conditions and a most effective radiochemical
separation is obtained by reducing cerium with HZOZ’ scavengiﬁg the solution
with zirconium iodate, oxidizing Ce+3 with bromate, and precipitating ceric
iodate.

Venkataramaniah and Raghavarao494 have reported an interesting pro-
cedure for separating Cc.=.+4 from the other rare earths and thorium by pre-
cipitating ceric periodate. The precipitation is carried out by adding a 1:5
HNO3 solution saturated with potassium periodate to a 1:5 HN03 solution con-
taining Ce+4 and digesting in a boiling water bath for 10 to 15 min. Precipita-
tion is quantitative and the salt may be dried at 100-110°C and weighed as
CeH106'HZO. Neither Th+4 nor the qther rare earths precipitate under these

conditions.

IV. 3A-10. Cupferron

Cupferron and neocupferron form insoluble salts with the rare-earth
elements which may be of value in quantitative determination of these ele-
ments. 372 The precipitates are somewhat soluble below pH 2 and the opti-
mum pH for preci.pitation seems to be about 3.5. Significant amounts of the
precipitant are occluded in the rare-earth salts so it is necessary to ignite
the cupferrate to the oxide to get the best results; but ignition proceeds
smoothly, and final results are comparable in accuracy to those obtained
by the oxalate method. The reagents are far from selective for the rare
earths, 274 however, and care must be taken that there are no interfering
cations present when the rare earths are precipitated.

Sinha and Shome‘;‘41 report that Th+4 and Ce+3 may be precipitated
quantitatively by n-benzoylphenylhydroxylamine and determined by ignition .
to the oxide. The authors do not mention the other rare earths but pre-

sumably they behave very much like Ce+3.

IV.3A-11. Chloride

Fischer, Wernet, and Zu.l'nbusch-P:f.'isterer138 have reported that the
rare earths are relatively insoluble in saturated HCI solution (24 mg YZOB/
100 ml at 0°C) and much less soluble in saturated HCl — diethyl ether (1.5 mg
Y203/100 ml 1:1 soln. at 0°C). Scandium is considerably more soluble in
each of these cases (> 1.5 g Sc203/100 ml HCl at 0°C; > 4 g SczO3/100 ml
HCl — ether at 0°C) and the authors suggest that this might be a useful means

of separating Sc — rare-earth mixtures under some circumstances.

IV.3A-12. Miscellaneous Precipitants

Takashimaqz73 reports that scandium may be determined gravimetrically
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as the hexamminecobalt fluoscandate [Co{NH 3)6] [ScF6] . Precipitation is
carried out in a pH 3 to 4 solution and the precipitate is dried at 110°C. The
author reports that 0.5 to 5 mg of scandir.n can be determined with an error
of less than 3%.

Reddy, Sarma, and Raghava Rao335

report that L.a may be separated
from the rare earths excluding cerium by controlled precipitation of lantha-

nurm chromate,

IV.3A-13. Sensitivity of Various Precipitants

In radiochemical investigations it is often desirable to know the smallest
amounts of rare-earth carrier that may be precipitated in a given set of con-
ditions. Relatively few articles are available which make a direct comparison
of the eensitivity of various precipitants to the rare-earth elements. Wendlandt
and Hayel521 have compared the oxalate and cupferrate se.nsitivity of the light
rare earths and Wendia.ndt and Sewellf"r’2 have extended the study to several
salts of the heavy rare earths. Their data are combined in Table 5 and serve
to indicate the limits of precipitation for each of these reagents under optimum
conditions. Only four reagente have been compared in Table 5; of these,
8-hydroxyquinoline is the most sensitive and oxalic acid the least sensitive

precipitant for the rare earths.

Table 5. Sensitivity of the rare earths to various precipitants (521, 552)

g M"'3 per ml

Metal Oxalic
lon Acid Cupferron 8-Hydroxyquinoline 2-Methyl 8-Hydroxyquinoline
La 6.3 2.4
‘ce*? 6.4 1.6
Pr 6.4 1.6
Nd 6.6 2.5
Sm 6.9 5.1 .
Eu 35 5.2 1.7 17
Gd 17.8  17.8 _
Tb 36 . T.1° 1.4 7.1
Dy 19 7.4 - 1.1 7.4
Y 10z l10.2
Ho 38 13 3.8 13
Er 57 17 3.8 9.5
Yb 40 30 4.0. : 20




IV.3B. COPRECIPITATION

Coprecipitation is a difficult subject to discuss coherently under the
best of circumstances. Discussion of the rare earths is ddubly difficult, of
course, since fhey will ""coprecipitate!’ one with another in almost -all their
precipitation reactions. One may always use one rare earth as a carrier to
coprecipitate another, and the variation in chemical behavior within the rare-
earth group permits some selectivity as to the carrier efficiency (e.g., one
would expect Yb to be a better carrier for Lu than La). But too close a
similarity in chemical behavior may sometimes introduce as many difficulties
as it solves (e.g.., the Lu-Yb separation is not an easy one). '

For the purposes of this section, however, let us assume that the rare
earths behave as a single element and divide the subject into two parts: co-
precipitation of the rare earths with other precipitates, and coprecipitation
of other elements with rare-earth precipitates.

In general, it is reasonable to expect that the rare earths will copre-
cipitate with the insoluble salt of any anion with which they are normally in-
soluble. Thus, ferric hydroxide will coprecipitate carrier-free rare earths
without difficulty, or the rare earths may be carried on calcium oxalate pre-

380, 381 Brezhneva et al. 45 studied the carrying of cerium and of

cipitates.
yttrium on calcium oxalate at pH 4 to 5 as a function of oxalate concentration.
They found that 0. 075 molar/liter of calcium was necessary for optimum
carrying. Both lanthanides show a maximum in the amount carried down at

a particular optimal oxalate concentration (see Fig. 15), the decrease with
increasing oxalate at high oxalate concentration being attributed to the for-

mation of oxalate complexes as proposed by Crouthamel and Martin. 96,97

02 04 06 08 1

Fig. 15. Coprecipitation of cerium and yttrium with calcium oxalate at
various total concentrations of oxalate. The equilibriurn concentration of
cerium and yttrium is shown as a percentage along the ordinate axis, and
the excess concentration of oxalate in g eq/l along the abscissa axis (45)

(® = Cerium, O = Yttrium, pH of solution: 4-5)
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In 4M_ HNO3.413255 than 1% of rare-earth a;ci):i.avitiea carry on thorium iodate
precipitates, but McLane and Peterson have shown that in solutions of
low ionic strength Ac may be carried completely by zirconium iodate. Pre-
sumably the carrying efficiency for the entire rare-earth group would be
quite high under the same conditions. In the same paper McLane and Peterson .
indicate that Ac may be carried on either bismuth phosphate or barium sul-
phate, and Rogers and Watrous 390 report that Ac may be carried quite ef-
ficiently on lead sulfate, but few data are available on the behavior of the rest
of the rare-earth group in these systems. . '
Conversely, when the rare earths are precipitated it is reasonable to
expect that cations which form insoluble or moderately soluble salts with the
precipitating anion will be coprecipitated. Thus, the rare-earth hydroxides
will carry a whole host of elements which are insoluble in basic solution, or
the rare-earth oxalate will coprecipitate calcium. These are rather obvious
events, of course, and the sort of thing that radiochemists accept as routine.
Perhaps that is why no articles on this specific aspect of rare-earth radio-
chemistry have appeared in the literature. It may be useful, however, to
point out that not all of the coprecipitation reactions are self-evident. The
authors have found, for instance, that Ba and Zr have some tendency to co-
precipitate with the rare-earth fluorides. Gest, Burgus, and Daviesl7l have
shown that the Zr coprecipitation is very sharply dependent on the Zf concen-
tration, and Gest, Ba.ll.ou. Abraham, and Cofyelll70 have shown a somewhat
lesser concentration dependence for Ba. Radiochemists, therefore, should
not be too surprised when unexpected elements sometimes tag along in their

rare-earth chemistry.
IV.3C. PYROLYSIS
IV. 3C-1. . Oxalate

For any gravimetric determination of the rare earths, precipitates must
be dried, and the obvious figure of merit for this operation is the temperature
range over which a salt of known composition is stable. Since the oxalates are
probably used more often than any other salt in the gravimetric determination
of the rare earths, it is perhaps appropriate that their pyrolitic behavior has
been investigated more thoroughly than other rare-earth salts. The curve
for the thermal decomposition of Ndz(CZO4)3' lOHZO. which has been repro-

duced from an article by Caro and Loriers, 70

is shown in Fig. 16 and may be
considered as fairly typical of all the rare-earth oxalates. The decahydrate
begine losing water steadily. at aboutl 50°C and the sample decomposes con-
tinuously until Nd,0, is formed at about 700°C. There are no level portions
of the curve which denote a stable, weighable intermediate compound, and

the usual practice is to decompose the oxalate completely and weigh as the
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oxide. W endla.ndts 25,526

has also studied the pyrolysis of the rare-earth
oxalates and. since his curves are in a concise form, his data are repro-
duced in Figas. 17-20 and Table 6. The most obvious feature of the curves

is that there are so few weighable intermediate rare-earth oxalate compounds.
Where these exist at all, the temperature range for stability is fairly small,
so.aome care must obviously be taken if these intermediate salts are to be
weighed acéura.tely. Above 800°C, however, all of the oxalates are completely
&ecomposed to oxides and may be weighed accurately. It should perhaps be

noted thaf CeOZ is formed at 360°C, much lower than the other rare-earth oxides.

— __ _ Oxalate 10H,0

ool

600
k _______ 2H,0
w Nl [ 1H,0
2 . 1 oxalate anhydre
L4
500 =
£
'y
A
4

o \
- = ~ = Nd;0,€0, '
Fig, 16, Thermolysis curve
Nd,0 .
- 20, of Nd,(C,0,),-10H,0 (70)

Tcmp-ratlurn en °C

300 i
0 200 400 600 800

WEGHT

Fig., 17. Thermal decomposition
curves of scandium oxalate. A. Scan-
dium oxalate 2-hydrate. B. Scandium
oxalate 6-hydrate (525)

TEMPR °C.
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Fig. 18. Thermal decomposition
curves of rare-earth metal oxalates.
A. Samarium oxalate 10H,O. B. Neo-
dymium oxalate 10H,O0. é Praseo-
dymium oxalate 10H,0O. D. Cerium
oxalate 10H,O, E, ia.nthanum oxalate
10H,O (52

TEMP, °C

Fig. 19. Thermal decomposition
of yttrium and rare-earth metal oxa-
lates. A. Gadolinium oxalate 10-hy-
drate. B. Europium oxalate 10H;O.
C. Yttrium oxalate 9H,0. D. Hol-
mium oxalate 10H,0, E, Erbium
oxalate 6H,0 (SZE)

TEMP, °C

Fig. 20. Thermal decomposition
curves of rare-earth metal oxalates.
A. Terbilum oxalate IOHZO. B. Dys-
proeium oxalate 10H,0,“C, Thulium
oxalate 5H_ O, D, Y&erbium oxalate
5H. O, E.?'.Lutetium oxalate 6HZO
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Table 6. Decomposition temperatures of rare-earth metal oxalates (526)

Rare Earth Temp.,
Metal ° CP Transition
Lanthanum 55-380 10-hydrate — anhydrous
380-550 Anlgdrous — La,0;.CO,
735-800 La;04.CO; — oxide :
Cerium 50-360 . 10-hydrate — oxide
Praseodymium 40-420 10-hydrate — anhydrous
420-790 Anhydrous — oxide
Neodymium "~ 50445 10-hydrate — anhydrous
445-735 Anhydrous — oxici;
Samarium 45-300 10-hydrate — anhydrous
410-735 Anhydrous — oxide
Europium 60-320 10-hydrate — anhydrous
_ 320620 . Anhydrous — oxici:a
Gadolinium 45-120 10-hydrate — 6-hydrate
. : 120-315 6-hydrate — anhydrous
375-700 Anhydrous — oxide
Terbium 45-140 10-hydrate — 5-hydrate
. 140-265 5-hydrate — 1-hydrate
265435 1-bydrate — anhydrous
435-725 Anhydrous — oxide
Dysprosium 456-140 10-hydrate — 4-hydrate
140220 4-hydrate — 2-hydrate
295415 ‘2-hydrate — anhydrous
415-745 Anhydrous — oxide
Holmium 40-200 10-hydrate — 2-hydrate
240400 2-hydrate — a.nhydrous'
400-735 Anhydrous — oxide
Erbium 40-175 6-hydrate — 2-hydrate
. 265-395 2-hydrate — anhydrous
395-720 Anhydrous — oxide
Thulium 55-195 5-hydrate — 2-hydrate
: 335-730 2-hydrate — oxide
Ytterbium 60-175 5-hydrate — 2-hydrate
: 325-730 2-hydrate — oxide
Lutetium o 55-190 6-hydrate — 2-hydrate.
315-715 2-hydrate — oxide
Yttrium 45-180 9-hydrate — 2-hydrate
260410 2-hydrate — anhydrous
410-735 Aphydrous — oxide
Scandium - 50-185 6-hydrate — 2-hydrate
220-6835 2-hydrate — oxide
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IV.3C-2. 8-Hydroxyquinolate and Related Anions

The rare-earth—8-hydroxyquinolates differ from the oxalates in that
they are stable at fairly high temperatures. Wendlandt's r:la.i:a.51B for several

of the rare earths are reproduced in Table 7 and Fig. 21.

Table 7. Decomposition temperatures for the rare-earth

8-quinolinol chelates (518)

M(C9H6NO)3 St?ée I . Stz:gé: II Sta.ugé III
Lanthanum 360 420-510 ' 800
Cerium (IIT) 350 -—— 420
Praaec;dymium ' 280 320-520 575
Neodymium _ 250 ' 330-510 730
Samarium 260 410-500 700
Gadolinium 250 400-525 755
Yttrium 175 .370'-525 740

In Table 7, the decomposition is classified in three stages: (I) A small
loss of weight (about 1%) in the temperature range 250-300°C; (II) The oxi-
dation of organic matter in the temperature range 350-525°C, and (III) The

formation of the oxide in the temperature range 700-800°C.

Only seven of the rare earths are represented in Fig. 21, of course,
and it is natural to expeét that the remaining rare earths will behave in pretty
much the same mariner as those shown. Pokras and Bernays, 367 however,
report that scandium 8-hydroxyquinolate loses measurable amounts of weight
when heated at 110°C and very large amounts when hea.ted for long periods at
165°C, so it may be wise to ignite the heavy rare-earth oxinates to oxides
until such time as their decomposition behavior is determined.

Wendlandt has also studied the thermal decomposition of substituted

522,523

rare-earth 8-hydroxyquinolates, the data for which are shown in

Figs. 22-2T7.
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Fig. 21. Thermolysis curves of the B-quinolinol chelates of the rare-earth metals

(518): 1. Lanthanum + coprecipitated oxine, 2. Lanthanum, 3, Cerium (+3), 4. Pra-
seodymium, 5, Samarium, 6. Neodymium, 7. Yttrium, 8, Gadolinium,
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Fig. 22. Thermal decomposition
curves of the rare-earth metal che-
lates (523): A, Cerium (+4) 5, 7 di-
broma-8-quinolinol; B, Cerium (+4)
5, 7 dichloro-8-quinolinol; C. Lan-
thanum 5, 7, dibromo-8-quinolinol;
D. Lanthanum 5, 7-dichloro-8-quin-
olinol,
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Fig. 23. Thermal decomposition
curves of the rare-earth metal che-
lates (523): A. Neodymium 5, 7-di-
chloro-8-quinolinol; B, Praseodym-
ium 5, 7-diiodo-8-quinolinol; C., Pra-
seodymium 5, 7-dibromo-8-quino-
linol; D, Praseodymium 5, 7-dichlo-
ro-8-quinolinol; E, Cerium (+4) 5,
7-diiodo-8-quinolinol,
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Fig. 24, Thermal decomposition

of the rare-earth metal chelates (523):
A, Samarium 5, 7-dibromo-8-quinolinol;
B. Samarium 5, 7-diiodo-8-quinolinol;
C. Samarium 5, 7-dichloro-8-quinolinol;
D, Neodymium 5, 7-dibromo-8-quino-
linol; E. Neodymium 5, 7-diiodo-8-quin-
olinol,
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Fig., 25. Thermal decomposition
curves of yttrium chelates (523): A. Yt-
trium 5, 7-dibromo-8-quinolinol; B, Yt-
trium 5, 7-diiodo-8-quinolinol; C, Yttri-
um 5, 7-dichloro-8-quinolinol, -
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Fig., 26. The thermal decomposition
‘curves of the chelating agent and metal
chelates (522): A. 2-methyl-8-quino-
linol; B, Scandium 2-methyl-8-quino-
linol; C, Uranium (+6) 2-methyl-8-
quinolinol; D. Thorium 2-methyl-8-
quinolinol; E. Yttrium 2-methyl-8-
quinolinol.

WEIGHT

TEMPERATURE °C

Fig. 27. The thermal decomposition
curves of the rare-earth chelates (522):
F. Lanthanum 2-methyl-8-quinolinol;
G. Cerium 2-methyl-8-quinolinol; H,
Praseodymium 2-methyl-8-quinolinol;
1. Neodymium 2-methyl-8-quinolinol;
J. Samarium 2-methyl-8-quinolinol; K.
Gadolinium 2-methyl-8-quinolinol.



IV.3C-3., Cupferrate and Neocupferrate
515,516,529

Wendlandt
rare-earth cupferrates and neocupferrates, data for which are reproduced

in Fige. 28 and 29,

has studied the thermal decomposition of the

WEIGHT

TEMPERATURE"C

Fig. 28. Pyrolysis curves of scandium, yttrium, and rare-earth cupfer-
rates, 1. Lanthanum, 2. Cerium (IlI), 3. Cerium (IV), 4. Praseodymium,
5. Neodymium, 6. Samarium, 7. Gadolinium, 8. Yttrium, 9. Scandium, A,
Ytterbium, B, Erblum, C, Dysprosium, D. Holmium, E., Terbium, F.
Europium, . ]
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Fig. 29. Pyrolysis curves of yttrium and rare-earth neocupferrates.
1, Lanthanum, 2. Cerium (III), 3. Cerium (IV), 4. Praseodymium, 5. Neo-
dymium, 6. Samarium, 7. Gadolinium, 8. Yttrium, A. Erblum, B, Ytterbium, '
C. Dysprosium, D. Holmium, E. Terbium, F. Europium,
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1V.3C-4. Other Anions

Wendlandt has studied the thermal decomposition of the rare-earth

524,527 and fluorides, 528 and Chretien and Capesta.n78 have stud-

chlorides
ied the sulfamates, but since these salts are not used for gravimetric deter-

minations their pyrolysis curves will not be reproduced here.

1V. 4. SPECTROPHOTOMETRY. TITRATION, AND COLORIMETRY

IV.4A. SPECTROPHOTOMETRY OF SIMPLE IONS

Thirteen of the fifteen lanthanide elements possess the ihteresting
property of showing light absorption bands in solutions of their simple salts.
These bands are relatively narrow and are very useful for qua.lit.ative and
quantitative estimation of individual rare earths. "Lanthanum, lutetium,
and yttrium do not exhibit any usable absorption bands, and may not be de-
termined by this method.

A fairly large number of papers on the speétrophotom_etric measure -
ment of the rare earths have appeared in the literature, perhaps the best of

which have been published by Stewart and Kato, 462 Moeller and Brantley, _314

Rodden, 388, 389 Holleck and Hartinger, 203 and Banks and Klingman. 14
Figures 30-33 have been reproduced from the paper by Stewart and
Kato462 and indicate the useful peaks for all of the rare earths in the visible,
infrared, and ultraviolet regions. Wavelength positions and molecular ex-
tinction coefficient values for "index peaks' .which have been recommended
by Stewart and Kato for determining the rare earths are shown in Table 8.
Where more than one peak is listed for a given element, the "primary," or
most highly recommended, peak is listed first. It is apparent that there are
interferences for each of the peaks listed in Table 8. For detailed informa-
tion on the extent of each interference the original paper should be consulted.
Additional data on the absorption spectra of the rare earths may be ob-
tained from papers by Prandtl and Scheiner377 (all the rare earths), Wylie'540
(Pr, Nd, Sm), Jorgensen223(Dy, Ho, Er), and Qnstott and Brt)wn34’6 (Thb).
Promethium, of course, is seldom encountered in sufficient amounts

459

to measure spectrophotometrically. Stewart, however, has measured

its absorption spectra and has shown it to be Quite complicated.

Butement65 has studied the absorption and fluorescence spectra of
bivalent samarium, europiurm, and ytterbium. The spectra for each of these
species are simpler than the spectra for the corresponding trivalent ion,
but no attempt to dlse the absorption peaks. for analysis is reported.

Although thé simple salts of yttrium and lanthanum cannot be deter-
mined by absorption spectra, other techniques have proven useful. Legrand

and Lo1'iers267 have published a paper which indicates that x~-ray fluorescence
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Fig. 30. Absorption spectra of all rare earths in visible range {(162)
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Table 8. Index peaks, extinction coefficients, and interfering rare-earth
elements in the spectrophotometric determination of

individual rare earths {462)

Element A-max (mu) € Interfering Element
Ce 253 755 . Most.elements interfere. (See
296 . 26 refs. 462,178.) .
Pr 444.0 10.1 Sm, Ho, Er
482.5 4.1 Nd, Sm, Ho, Er.
590 1.95 Nd
Nd 575.5 6. 34 Pr
- 742.5 6.22 Dy
868 3,10 Dy
"522.3 2. 74 Er
Sm 401.6 - 3. 30 Eu, Dy -
1250 2.19 Dy, Tm
1095 2.00 Dy (See ref, 326.)
Eu . '394.3  2.90 Sm, Dy, Ho
Gd 272.7 3.16  See ref. 462.
275.6 1.90 non "
Tb 219 374 Eu, Pr, Ce (See ref. 462.)
Dy 911 2.40 Yb, Ho
1102 1.80 Sm
Ho 536.5 4,55 Er
416.1 ' 2.52 Sm
641 3.04 Er, Tm
Er 523.5 3.55 Nd
379.3 6. 66 Nd
654 2.04 Ho, Tm, Nd
Tm - 682.5 ' 2. 36 Nd
781 1.00  Nd, Dy
Yb 973 2.10 Er. Dy
950 0.77 Dy, Sm’

techniques may be used to measure yttrium quantitatively in the..presence of

546

~other rare earths; and Menis, Rains, and Dean report that flame spectro-

photometric methods may be used for quantitative determination of lanthanum.
IV.4B. TITRATION AND COLORIMETRY

Titration has proven to be a very useful method for quantitative deter-
mination of the rare-earth elements. Most publishe'd procedures involve

addition of a standard solution of a strong complexing agent such as ethylene-
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diaminetetraacetic acid (EDTA) to a2 rare~-earth solution. The end point at
which all of the rare earth has been complexed is identified by a change of
indicator color in thé solution. The change in color is often followed spectro-
photometrically for the best results but this is not always necessary..

Typical EDTA titration papers have been published by Brunisholz and’
Cahen, 56 who used a mixed alizarin sulfonate-methylene blue indicator; bjr
]:"la.schka..lti'rf_J and Wul.nsch, 539 who used eriochrome black T; by Fritz and
Pietrzyk, 158 who titrated scandium with copper as an indicator; by Jenickova,
Suk, and Malat, 219 who used.brornpyrogallol red for the rare ear.ths; by
Cheng, > Cheng and Williams, ' and Flaschka and Abdine.!*® who used
1-(2-pyridyl-AZQ)-2 naphthol (PAN) as indicator for scandium and the rare
earths; by Crouch and Swainbank, 92 who used xylenol orange as an indicator
in an ultra-micro method for the eatimation of the rare earths; by Bril, Holzer,
and Rethy, 47 who used alizarin red S in a simultaneous determination of
thorium and rare earths in their miitures; and by Frum, 160 who used mono-
3 and ce™. mHal,

Gibson, Wilkinson, and Philip5186 have published a procedure which involves

chrome Bordeaux C to detect La.+3 in the presence of ce?

titration with EDTA and conductometric determination of the end point, while

Hara and Wes-t190 have used high-frequency titrations.

Perhaps the best volumetric method for measuring the rare earths in-
volves the use of arsenazo (3-(2 arsonophenylazo)-4, 5 dihydroxy-2, 7 naph-

thalene disulfonic acid, trisodium salt) as an indicator, a procedure first

developed by Kuznetsov. 253 This reagent may be used as complexing agent

for direct colorimetric determination of the rare earthslss' 1_5' 252

156

or in
conjunction with EDTA titration.

The rare earth-arsenazo color intensity increases as the temperature
is increased, and Kuznetsov and F_’etrova254 have measured small amounts
of rare earthe at elevated temperatures in the presence of Th with greater
accuracy than is possible at ordinary temperatures.

A close relative of arsenazo is 2(0-arsonophenylazo)-1, 8-dihydroxy-3,
6 naphthalene disulfuric acid (neothorone), which has been used by Shibata,
Takeuchi, and Matsumas437 to measure lanthanum colorimetrically.

These references do not exhaust all of the reports which have been
published on EDTA titration of the rare earths. A much more thorough
coverage of the entire subject of EDTA titration has been written by Barnard,.
Flaschka, and Broadl8 and their series of review articles should be con-
sulted for additional references.

Papers on-the direct colorimetric determination of the rare earths have
also been ppblished by Holleck, Eckardt, and Ha.rtingerzo4 who found sulfo-
salicylic acid and aurin tricarboxylic acid to be the best color-forming rea-

gents for spectrophotometric determination of the rare earths. Rinehart, 3817
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however, has found alizarin red S to be quite satisfactory for the rare earths
and yttrium; Eberle and Lerner1 22 have used the same reagent for quanti-
tative determination of scandium; Bergstresser25 has used 8-hydroxyquinoline
for colorimetric determination of lanthanum in plutonium with good results,
and Alimarin, Przheval'skii, Puzdrenkova, and Golov-lna6 have used the same

reagent for Ce+3 and Ce+4.

Vanossi493 has reported a colorimetric procedure for scandium which
involves the use of carminic acid in acetic acid solution and claims a sensi-
tivity of 1 pg Sc for the method, while Biryuk and Nazarenko3o have used
derivatives of 2:3:7 trihydroxy-6 fluorone to detect 0.04 to 2 pg of scandium
per ml, and Korenman, Gunina, and Trifonova.z‘l'2 have studied the color
reaction of scandium with hydroxyanthraquinone and 1, 1 dihydroxyazo dyes.

Popa, Negoiu, and Baiulescu370 have dex}eloped a procedure for deter-
mining Ce+4 in the presence of trivalent lanthanide elemente which uses
0-dianisidine in 20% H5O4 solution.

Goto and Kakita176 have extracted the cerium-methylene blue complex
into organic solvents and determined the cerium concentration colorimetricaily.

The titration procedur.es described above may be used for fairly large
samples of rare earths, of course, but perhaps the main advantage of both
the titration and colorimetric procedures is that they may be used to deter-
mine very small amounts of rare earths with good precision. Many of the
procedures were designed specifically to measure microgram quantities of

these elements and seem to do so very nicely.

IV.5. COMPLEX IONS AND CHELATE COMPOUNDS
IV.5A. INTRODUCTION

Although the rare earths have been known for a great many years, until
comparatively recently most published articles have been concerned primarily
with relatively simple salts of these elements. With the advent of ion-exchange
regins and liqui&-liquid extraction procedures, however, a considerable litera-
ture on the formation of complex salts ‘and chelate compounds of the rare-
earth elements began to appear and at present there is information available
on a very large number of these species. Terent'eva477 has published a
masterful review of this aspect of rare-earth chemistry and this section will,
to a great extent, consist of a translation of that paper, supplemented where
necessary by additional or more récently published data.

Many methods are known for disclosing complex compounds of rare-
earth elements in solution. For example, the distribution of ions of rare-
earth elements between ion exchangers and aqueous solutions containing dif-
ferent complexing agents makes it possible to discern the comparative struc-

tures of complex compounds. Comparison of the results of polarographic re-
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duction of Eu+3, in the presence anci absence of different ions, indicates for-
mation of complex compounds. Transfer of the rare earths from the aqueous
to the o.rganic phase in the presence of B-diketones, tributyl phosphate, and
other agents, indicates formation of complexes. A change in the transport
number, and in the electroconductivity, confirms the formation of complex
compounds. Rare-earth transfer to the anade during electrolysis in the
presence of organic anions indicates formation of negatively charged com-
plex ions, while the change in spectral characteristics of rare-earth ele-
ments in the presence of complexing agents likewise indicates complex for-
mation. The absence of a characteristic reaction under conditions where

the rare earths normally are precipitated may be used as a simple indication
of the presence of complexes; the sensitivity of this method decreases with
increésing soiubility of the rare-earth salt in the order F~ > CZO4= >0H™ >
Fe(CN),~* |

Although a large number of complex compounds of the rare earths are
known, these elements are notably more reluctant to form complex species
than, for instance, are the transition elements. Moeller:‘}16 attributes this
reluctance to a combination of (1) electronic configurations unfavdra}:;le to
the orbital hybridizations necessary for covalent bond formation and (2) com-
paratively large size which precludes the development of many very strong
electrostatic or ion-dipole attractions. The main differences between in- .
dividual rare earths lie in the number of 4f orbital electrons and Moeller
assumes that, since the 4f electrons are shielded by 58 and 5p orbitals, any
covalent bonding must involve higher energy orbitals such as 5d, 6s, 6p, etc.,
" and not the 4f electrons. Terent'eva®’’ disagrees with this assumption on
the grounds that the very large number of complex compounds now known
could not all involve ionic bonding or covalent bonding with high-energy or-
bitale. The nature of these bonds ha§ obviously not been determined to
everyone's satisfaction. and a considerable amount of work needs to be done
in this field. Meanwhile, apparently contradictory evidence continues to
appear. Gu.lya.alsl 'classifies the rare earth-acetylacetone complex Bond
as a covalent type with higher d, s, and p orbital electrons because the 4f
electrons are not involved; but Joneézzz' concludes that rare-earth bonding
with ethylene-diamine-tetraacetic acid (EDTA) is ionic in nature by analogy
with the alkali and alkaline-earth-element comp-lexes'.

Whatever the final disposition of this question, however, it is plain
from the following survey that the rnumber of complex rare-earth compounds
is rather high. In the first part of the survey are presented the complex
compounds with salts of inorganic acids and ammonia, while in the second

(and considerably broader) part are the complex compounds with organic
additives. ' '
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IV.5B. COMPOUNDS WITH INORGANIC ADDITIVES
IV.5B-1. Sulfates

The sulfates of alkaline metals can play a significant role in separating
a mixture of rare-earth elements into subgroups. In the interaction of the
sulfates of potassiurm and sodium with the salts of the rafe-earth metals,
there are formed somewhat insoluble sulfates of the type Me »(504) 3 - nH 0,
where n =5, 8, 9, Upon addition of an excees of re.agent, the sulfates of
the elements of the yttrium subgroup dissolve and sulfates of the elements
of the cerium subgroup remain in suspension (the sulfates of the intermediate
elements possess intermediate solubilities).

"The solubility of the sulfates of the elements of the yttrium subgroup..
in a solution of alkali metal suifa.tes, may be explained by the formation of

complex compounds of the type Me3 [Me(504)3] or Mel [Me(504),], where

Mel = K, Na, NHy. This hypothesis is supported. by the fact that a solution
containing the ions Y3+ and an excess of SOE' ions does not show an yttrium
reaction with K4 [Fe(CN)b], upon addition of (NH) 2C204, the yttrium oxalate
does not precipitate but causes only an opaleacence.

Various authors 228

have noted a tendency toward formation 6f complex
sulfates even by such a basic element as lanthanum. It has been discovéred
that when a mixture of a concentrated solution of La.(N0'3)3 stands with coﬁ-
centrated HIZSO‘I. H, [La(80,),] is precipit_atéd in the form of fine-grained
gpicules.

' Korenman, 240 in determining the éolubility of oxalates of rare-earth
elements in acids, found that their greater solubility in HZSO than in HCl
indicateés formatmn of complex sulfates.

From the pH value of saturated solutione of oxalates in HZSO4, and the
total concentration of 0204 (or Me ) in these solutions, he calculated the
constante of instability for complex ions of type MeSO4 'Kuntz, 249 studying
the oxidation-reduction potenhals of the Ce /Ce systems in sulfuric acid
solution, discovered the appearance of complex-formation between the ions
502_, HSO;, 'aﬁci Cé4+, while Hardﬁviék and Robei’tsonlgz have shown that
ceric ion assoc1ates with sulfa.te to form successurely Ce(SOy) +. Ce(504) 5,
and Ce(SO4) 3

Newton and Arcand 336 and Fronaéusng have studied the Ce+3-SO4=
system and Fronaeus has shown that the mono-, di-, and tri-sulfato com-

plexes of th1s ion also exist.
IV 5B Z Sulfltes

During interaction of the salts of elements .of the cerium subgroup with

Kzsoa. precipitates of colloidal character are formed which in the course of
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time convert to spheroidal crystals. The salts of yttrium and erbium initially
also make colloidal suspensions; with further addition of KZSO3 the precipitate

is dissolved, which can be explained by formation of thé complex compounds .
[Me(SO3) 3] 3- Upon standing out of solution for extended times they become

very coarse crystals, in the form of plates, and druse which seems to be

asasociated with the decomposition of the complex compound. '
Complex sulfites have been studied by Vickery. 504 While studying the
titration of Me(OH)3 with HZSOS' he discovered that at the ratio of Me:SO3 =1:3
a compound is formed having the composition H3 [Me(503)3] . Spectrophoto- -
metric etudy of the "bisulfite" solution indicated that this compound has a
structure close to the structures of solutions of complex compounds of lan-
thanides with "complexons." The maximum change in the spectrum, in com-
parison with the spectra of solutions of simple salts of rare-earth elements,

"is found at pH 5.5 to 6. 1. During titration of the "binulfite."' solution of a
rare-earth element at pH 3.8 by NaOH, a sed:ment im prec1pita.ted whose
makeup is Na3 [Me(503) 3] Upon further t1trat1on the SO ions are dis-
placed by OH" ions and become first Na [Me(SOa)Z(OH)Z] then Nas[Me(SO3)
(OH)4]. and fmally precipitate Me(OH)3 The existence of the_complex anion
[Me(SOa) 3] 3- is confirmed by experiments with anion-exchange resins. Three
Cl~ ions of the anion exchanger (RCl) are displaced by the one ion [Me(SOa) 3,]

3RC1 + H, [Me(S_Oa)a] - 31-1_(:1 + Ry [Me(SO3) 3].

Solutions of the complex compou.nd:H:_' [Me(SOa) 3] are éa.s-ily oxidized
by oxygen to sulfates:

4H3 [Me(SO3)3] + 302-' ZMez(SO4)3 + 6SOz + 6HZO.

The oxidation proceeds without intermediate formation of simple sulfites.
As Vickery noted; in contrast to other complex compounds of rare-earth
elements.. the stability of the complex sulfites decreases with increase of
the atomic number of the rare-earth element. According to apeed of oxi-
dation, the yttrium compound takes an intermediate position between the
compounds of neody-mmm and samarium. The a.b111ty of complex sulfitea
gradually to be oxidized by oxygen is utilized for separat:.ng rmxturel of
rare-earth elements.

296

Mayer and Schwa..rtz have studied the Ce+3_ - 303= system usi.ﬁg

cation-éxchange resins and give a dissociation constant of 1.1 X 1_0a for the

reaction ' _ '
ce*?+ HSO,” = ceso. + H'.

IV.5B-3. Thiosulfates

‘When mixing concentrated solutions of the salts of rare-earth elements
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and the thiosulfate of sodium, there are formed thiosulfates of the rare-earth
elements of composition Me z(S 2O 3) 3° Being moderately. soluble in water, they
are precipitated as well-formed crystals having the colors characteristic of
the ions of rare-earth elements. Upon ignition394 they are changed into prod-
ucts of composition MeZO(SO3)2. The thiosulfate of cerium, upon ignition,
forms CeOZ which is not solgble in concentrated salt solutions. These char;c-
teristica are used for separation of cerium from residual rare-earth elements.
When dissolving thiosulfates of rare-earth metals in excess thiosulfates of
alkaline metals, the complex compounds Nag [Me(s ,0 3)4] and K, [Me(s 0 3) 3]
result, a fact which has been established by the electroconductivity method.l 10

1V.5B-4. Halides

Simple fluorides seem to be one of the most difficult-to-dissolve salts
‘of rare~earth elements. However, Dergunov, 103 by studying diagrams of the
fusibility of mixtures of rare-earth fluorides and alkaline metals, succeeded
in tracing the complex fluorides K [LaF4] and Na [LaF4], and likewise
M3 [MeFé] 3- {where M =3é(3. Rb, and Cs), which are soluble in dilute acids.

Other researchers have also noted that when dissolving PrFa in a
melt of KHFZ. a complex fluoride of praseodymium is formed which is soluble
in dilute acid salts.

Scandium is considerably more soluble in aqueous fluoride solution
than are the other rare earths. Kury, Paul, Hepler, and Connick251' 352
report the existence of ScF++. SCFZ+. Sc].“3 (aq), and ScF4- épecies and give

the equilibrium quotients at 25°C for the reactions:

sct34F - scrt? K, = 1.2X 107
ScFT24F - ScF,’ K, = 6.4X 107
ScF,’ + F~ = §cF, (aq) K, = 3.0x10%

} B 2
ScZE:‘3(aq)+F—S§F4 K4—7X10

There is nothing conclusive in the literature on complex halides of tri-
valent rare-earth elements of the type [MeCl6] 3—. There is :'mforma.tion323
on separation of hexachlorocerium acid of tetravalent cerium: H, [CeClb] .
A suspension of pure dry cerium oxide in anhydrous dioxane was treated with
dfy gaseous HCl over the course of several hours. The solution colored
quickly to an orange-red hue and the temperature rose to 50°C. After sepa-
ration of the yellow-colored sedimentation it was maintained for 24 hours at
2-3°C. Spicule-shaped crystals of orange-red hue evolved. The crystals
were removed, scrubbed with dioxane and then with a petroleum ether, and

dried in a stream of dry air. Data of analysis corresponded to the formula
H, [Cec16]-4c4H802. A double salt with pyridine H, LCec16]-(c:5H5N) was
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obtained from a solution of these crystals in methanol.
Further evidence for the extreme reluctance of the rare earths to form

chloride complexes is provided by Diamond, Street, and Seaborglo‘.L and

209

Hulet, Gutmacher, and Coops, who show that even in very concentrated

HCl or LiCl the formation of rare-earth chloride complexes is slight.
IV.5B-5. Nitrates .

The nitrates of rare-earth elements give (with alkaline nitrates, alka-
line earth, and some other elements) well-crystallized double salts — for
3)3' Z4HZO. D.I. Mendeleyev

in 1873 first used the crystallization of double nitrates of ammonia for sepa-

example, with magnesium, Mg(NO:_“)Z * Me(NO

ration of La from "Di." These salts are still used today for preparatory
separation of elements of the cerium subgroup. Double nitrates, found in
aqueous solution, display a complex character. In the presence of a large
surplus of N03-. the rare-earth elements of the yttrium subgroup yield,

upon addition of (NH O,, an oxalate precipitate only after standmg for

4262
some time. One may suppose that the complex ions [Me(NO Pg ] exist in -
the solution.

According to the data of Noyes and Garner, 343 in aqueous nitric acid
solutions of Ce(NO 3)4

plex ions [Ce(NO 3)(_’] 2=, The existence of the latter is demonstrated by the

there exists an excees of NO3- ions, forming the com-

fact that, during electrolysis of a solution of Ce4+ salts in 6N HNO,, cerium
appéars in the anode region. The expressed hypothesis was supported by

433,235

data published later by other authors. The capability to give similar

complex compounds is widely used today for separation of cerium from other

rare-earth elements. Cerium is extracted by ethyl ether from nitric acid,

208!

La, Ce, Pr, and Nd with the nitrate of triphenylbenzylphosphonium. These

in the form of a complex acid H [Ce(NO

In 1956 an article was pubhshed on extraction of the double salts of

salts are crystalline substances, easily soluble in organic solvents. They
“are hydrolyzed in agqueous solutiona. On the basis of analytical data the

author presented their formula in the form: [(C6H5) 3(C2H5CH2)P'] - [Me(NO

(where Me = La, Ce, Pr, Nd). ’

Mises L.O. Tuazon551 has shown that even in relatively dilute nitrate

s

solution Ce(+4) forms a Ce(NO3)(OH) complex and, to a lesser extent,
Ce(NO3)

IV.5B-6. Nitrites
Nitrites of fhe type CsNa [Me(NOZ)6] (where Me = La, Ce, Pr, Y) were

prepared by Ferrari et al. 133 by slowly diffusing an aqueous solution of CSNO3

through a parchment membrane into solution consisting of Me(NO,) ,* 6H20

3)3
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and NaNOZ. The compound isolated by the authors, CszNa [La(NOZ)6]‘ ap- -

peared as faintly greenish, almost colorless crystals.
IV.5B-7. Carbonates

When COZ is. pa'.s.sed into a suspension of hydroxides of rare-earth ele-
ments, crystalline carbonate is obtained. Under the action of a saturated
solution of K2C03 on the solution, the salts of the cerium group of elements
secrete a slimy residue which, in the course of further addition of reagent,
is dissolved with formation of a complex comipound which is not decomposed
by the action of (NH4) 20204' ;

a residue is obtained which is not soluble in an excess of reagent. The solu-

If a more dilute carbonate solution is added,

bility of carbonates in a saturated_solutiox_a of KZCO3 increases with the in-
crease in atomic number of the rare-earth elements.. The composition of

the complex carbonates soluble in water seems to be K, [Me(CO3) 3] . Fischer %2
used carbonates for fractionally separating mixtures of rare-earth elements.
Axelrod11 has completed a Ph.D. thesis on "Studies of the Rare-Earth Car-
bonates' in which he prepared various forms of the rare-earth carbonates

by hydrolysis of trichloroacetate or urea solutioné containing fairly high con-

centrations of the rare-earth elements.
IV.5B-8. Chromates

A spectrophotometric study484 was made of 2 1M solution of HClO4

containing Ce4+ and Cr6+ (at 25°C). It was found that a complex compound

exists in the solution containing 1 Ce4+ ion to 1 Cr6+ ion.

1V.5B-9. Phosphates

Serebrennikov432 reports that, during conductometric titration of a
0. 1N solution of (NH4)Z [Ce(NO 3)6]. by a 0. 1N solution of Na4PZO7. he noted
in the solution a complex compound of Ce4+ with the pyrophosphate ion:

Na.4 Ce(PZO7)2. The author explained the composition of this compound by
the fact that, in it, the pyrophosphate ion exhibits a coordination capacity
of three (which appears somewhat unexpected).

Addition of sodium phosphate {(and polyphosphates) to an aqueous rare-
earth solution adjusted to pH 4.5 results in the precipitation of normal phos-
phates (and polyphosphates) corresponding to the formulae R(PO4), R4(P207)3.
and R5(P3010) 3 6 At higher coz;s:{gntrations of pyrophosphates and triphos-
phates, Giesbrecht and Audrieth
which the ratio of rare-earth metal ion to tfiphosphate is 1:2 (they postulate

have shown that soluble species exist in

an anionic complex with the formula, [Na4(RE)(P3010)2] 3- 25 one poseibility).
Genge and Salmon, 169 using elution of cations from ion-exchange resin
solumns as a criterion, conclude that scandium has a somewhat greater tend-

ency to form complexes with orthophosphoric acid than do the other rare earths.
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IV.5B~10. Heteropoly Compounds

The known!’ compounds are Me.'[8 [Ce(MoZO7)6]-8HZO and MeTZ8 [Ce(WZO7)6]' :
SHZO. where MeI = K, Na, NH4. The first of these was obtained in the form of
yellow crystalline sediment upon drop-by-drop addition of a normal solution of
‘ammonium molybdate into a boiling mixture of (N'H4)Z [Ce(NO3)6] . A double
salt of composition (NI-I4)6H2 [Ce(MoZO7)6] was precipitated from the sulfuric
acid solution. Ammonium ions, being located on the exterior sphere of the
polycerium molybdate, are capable of interchanging with other cations — fre-
quently for Ag+ and ions of trivalent rare-~earth elements, The resulting com-

pounds are difficult to dissolve in mineral acids. 432 Their complex character

is emphasized by the fact that they do not produce a reaction in Ce4+ with
hydrogen peroxide; oxalic acid changes this compound into cerium oxalate
" incompletely and only after boiling.

239

Komarovskii and Korenman produced a compound of the type (NH4)3

[MeMo7OZ4] *12H,0 (where Me = La or Cée).

IV.5B-11. Ammoniates

Complex ammoniates of rare-earth elements can be producedso' 125,21

in a medium of liquid ammonia, or by means of uninterrupted hours-long
passage of a stream of ammonia through a solution of Me(NO3)3 with a some-
what raised temperature (~40°). A crystalline substance of composition

Me [(NH3)6] NO, is produced. '

In 1955 Popov and Wendlandt371 discovered a barely stable complex
compound of divalent samarium with ammonia. A batch of dehydrated SmC13
was placed in a porous glass filter, in a special closed system, and cooled
by solid COZ' The surface of the batch was covered with a solution of sodium
and liquid ammonia, and for several minutes the solution was filtered. The
sodium residue was removed by repeated scrubbing with ammonia. The re-
action product, a solid substance of a red-brown color, was heated to room
temperature in atmospheric nitrogen. In air it rapidly lost the ammbnia..
and this guaranteed, apparently, that it was connected with the oxidation of
sz+ to Sm.3+ and the breakdown of the complex ammonia: One rnay assume
that the cofnpoun_d_ had a composition of [Sm(NH3)4] Cl,; however, because of
insufficient stability it could not be analyzed.

Vicke ry506' 507

has convincingly demonstrated the existence of a hex-
ammino scandium cation in aqueous solution. The stability.of the complex
is sufficiently great so that the precipitation of scandium as oxalate or hy-

droxide from solutions containing ammonium ion is seriously interfered with.
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Iv.5C. COMPOUNDS WITH ORGANIC ADDITIVES

IV.5C-1. Carboxylic Acids

In the domain of organic substances, acids seem to be one of the atrong-
est complex-forming agents for rare-earth elements. It is noteworthy that
the structﬁre of the resultant complex compounds depends in a significant
degree on the structure of the acid; i.e., on length of hydrocarﬁon chains,
basicity, and relative position of functional groups.

Simple carboxylic acids do not present special interest. The first mem-~
bers of this series, although th_ey do form complex compounds, exhibit insig-
nificant stabilit; in solution; and acides with a hydrocarbon chain of 10 to 15
atoms produce only salts difficult to dissolve in water. We will mention only

a few of their representatives.

' Il
IV.5C-1(a). Acetic Acid, CH3 — C —OH. Ammonium acetate produces com-
plex compounds, but they are unstable and exist only in a significant excess
of reagent. In these circumstances the complex compounds are not broken

514 found

down under the action of K, [Fe(CN)G] . Weinlandt and Henrichson
that upon addition of nitric acid to cerium acetate solution, a complex cationic
species is formed containing three atoms of cerium and three radicals of
acetic acid: [Ce3(CH3COO)3] (NO,) . 13H,0. There were also precipitated
complex compounds in which the anion consisted of perchlorate, chromate,

or picrate.

C::l.n.nel-i69 producéd complex cerium acetates in which three supple-
mentary valencies in the inner sphere were taken by three molecules of urea:
[CelCcH 3COO) 3] * 3CO(NH z) 2] .

' In 1950, V'1ckery497 discovered complex compounds having, in their
inner spheres, acetate ions and molecules of ammonia: [Me 3(CH3COO)3 .
(NH3)3] (SO,4) 5+ xH O (where Me = Pr, Nd, Smj. He did not succeed in
forming similar compounds for La, Ce3+. and Ce4+. The complexes were
p